Members of the formin family of actin filament nucleation factors have been implicated in sarcomere formation, but precisely how these proteins affect sarcomere structure remains poorly understood. Of six formins in the simple nematode Caenorhabditis elegans, only FHOD-1 and CYK-1 contribute to sarcomere assembly in the worm's obliquely striated body-wall muscles. We analyze here the ultrastructure of body-wall muscle sarcomeres in worms with putative null FHOD-1 and CYK-1 gene mutations. Contrary to a simple model that formins nucleate actin for thin filament assembly, formin mutant sarcomeres contain thin filaments. Rather, formin mutant sarcomeres are narrower and have deformed thin filament-anchoring Z-line structures. Thus, formins affect multiple aspects of sarcomere structure.
Introduction
Contraction of striated muscles depends on the sliding of parallel thin filaments and thick filaments past each other in repeating cytoskeletal units called sarcomeres [1] . Sarcomere ends, called Zlines, are marked by electron-dense structures that serve as anchor sites for actin-based thin filaments, while the sarcomere center, or Mline, is characterized by a similar anchoring structure for bipolar myosin-based thick filaments ( Figure 1 ). The sarcomere can be further subdivided into a broad central A-band occupied by thick filaments and centered on the M-line, and I-bands that mark thick filament-free zones. Sequentially repeating sarcomeres produce the striations apparent in striated muscle of vertebrates and invertebrates.
In each sarcomere, thin filaments emanate from the Z-lines, stretching through the I-bands to overlap with thick filaments in the A-band. The degree of overlap depends on the degree of muscle contraction. In strongly contracted muscle, myosin motor activity pulls the thin filaments toward the sarcomere center, increasing the amount of overlap between the thick and thin filaments. Consequently, the Z-lines are also drawn closer to the A-bands, and Ibands are reduced in width. Conversely, the overlap of thin and thick filaments is minimized and I-bands are widened in stretched muscle.
While sarcomere structure is well studied, sarcomere assembly is still incompletely understood. For example, how thin filaments assemble into parallel arrays is unclear. In vitro, actin filaments assemble from actin monomers through the initial formation of nuclei for filaments, followed by elongation of nuclei by addition of monomers to the filament ends. Some of the mechanisms regulating the elongation of the actin-based thin filaments are understood. Thin filaments elongate at the rapidly polymerizing barbed ends at the Zlines, as well as the slowly polymerizing pointed ends directed toward the sarcomere center [2] . CapZ negatively regulates barbed end actin dynamics, but thin filament length is ultimately dictated by pointed end elongation, which is regulated negatively by tropomodulin, and positively by WH2-containing proteins such as Drosophila SALS or vertebrate leiomodin-2 [3] [4] [5] [6] .
Regarding the nucleation of thin filaments, several actin nucleation factors localize to sarcomeres, including N-WASP, leiomodin-2, and formins, and their perturbations disrupt sarcomere organization to varying degrees [7] [8] [9] [10] . Using the simple nematode Caenorhabditis elegans, we provided genetic evidence that the contribution of formins may be broadly conserved across the animals [11] . Two C. elegans formins, CYK-1 and FHOD-1, associate with Z-lines in the worm's striated body-wall muscles (BWMs), and in absence of these formins, the assembly of sarcomere arrays is stunted [11] . As formins stimulate the nucleation of actin filaments and also promote elongation by blocking the inhibitory effects of barbed end capping proteins [12] , they would seem to be well-suited to initiate the assembly of the long actin filaments that make the core of sarcomere thin filaments. To better understand the effects of these proteins on sarcomere organization, and to determine whether thin filament assembly is formin-dependent, we examine here the ultrastructure of BWM sarcomeres in worms bearing CYK-1 and FHOD-1 gene mutations.
Materials and Methods

Worm strains and growth conditions
Worms were maintained on nematode growth medium (NGM) plates with OP50 bacteria as food, and handled using standard laboratory procedures for C. elegans [13] , and grown at 20°C. To produce age-synchronized worm populations, NGM/OP50 plates were populated with twenty young adult hermaphrodites. These were allowed to lay eggs for 4.5 hours before their removal, resulting in age-synchronized progeny that reached young adulthood after 3 days. The wild-type strain N2 was obtained from the Caenorhabditis Genetic Center (University of Minnesota, Minneapolis, MN). XA8001 [fhod-1(tm2363) I], DWP8 [cyk-1(ok2300)/(+) III], and DWP9 [fhod-1(tm2363) I; cyk-1(ok2300)/(+) III] were derived as described previously [11] from the strains VC1895 [+/mT1 II; cyk-1(ok2300)/ mT1[dpy-10(e128)] III] and FX02363 [fhod-1(tm2363) I, not outcrossed] obtained from the Caenorhabditis Genetic Center and from S. Mitani (National Bioresource Project for the Experimental Animal Nematode C. elegans, Tokyo Women's Medical University School of Medicine, Tokyo, Japan), respectively. For simplicity, we hereafter refer to the mutations FHOD-1(tm2363) and CYK-1(ok2300) as FHOD-1(-) and CYK-1(-), respectively. Homozygosity of CYK-1(-) results in sterility [14] . Therefore, homozygous CYK-1(-) mutants and doubly-homozygous FHOD-1(-); CYK-1(-) mutants had to be selectively picked from the progeny of heterozygous DWP8 and DWP9 parents based on the presence of protruding vulvae on CYK-1(-) animals, and very short and thin bodies of FHOD-1(-); CYK-1(-) animals [11] .
Transmission electron microscopy (TEM)
Samples were prepared for TEM by modification of the procedure by Hall [15] . Briefly, young adults were anesthetized with 8% ethanol in M9 Buffer, and cut into 2 to 3 pieces in aldehyde fixative (2.5% glutaraldehyde, 1% formaldehyde, 50 mM sodium cacodylate buffer (pH 7.4), 0.2 M sucrose, 1 mM MgCl 2 ) for 2 hours fixation at room temperature, followed by overnight fixation in fresh fixative at 4˚C. Fixed samples were washed with 0.2 M sodium cacodylate (pH 7.4), and stained with 1% osmium tetroxide on ice for one hour, and again for 30 min at room temperature. Samples were then washed with 0.1 M sodium acetate buffer (pH 5.2), and stained en-block with 1% uranyl acetate for one hour on ice, and once more for 30 min at room temperature, before washing and embedding in 2% agarose. Stained samples were dehydrated with a graded ethanol series, and infiltrated with EPON embedding resin (EM-grade embedding material from Polysciences, Inc., Warrington, PA), as described [15] . 80-nm thin sections were mounted onto formvar-coated 200-mesh nickel grids stabilized with evaporated carbon film (Electron Microscopy Science, Hatfield, PA), and stained sequentially with 4% uranyl acetate solution in ethanol and lead citrate solution.
Grids with stained sections were viewed using a JEM-1400 Electron Microscope (JEOL USA Inc., Peabody, MA) controlled by TEM Center for JEM-1400 software (Version: 1.4.2.3071; JEOL USA Inc.). TEM images were processed using Gatan Digital Micrograph software (Version: 1.85.1535; Gatan Inc., Pleasanton, CA).
Image analysis and statistical analysis
TEM images were linearly processed using ImageJ software (Image Processing and Analysis in Java, v1.49g; National Institutes of Health, Bethesda, MD) to optimize brightness and contrast. To determine the number of thin filaments surrounding each thick filament, twenty thick filaments were selected from three different samples in regions of the A-band where thin and thick filaments interdigitate. The number of thin filaments surrounding each thick filament was then counted. Lateral boundaries between adjacent sarcomeres are not immediately apparent in cross sections, but we determined relative differences in sarcomere widths based on the distance between adjacent Z-lines in cross sections, measuring this with ImageJ for ten sarcomeres in each strain in each of two independent experiments. Similarly, the number of thick filaments per sarcomere could not be determined from cross sections, but we determined the relative number of thick filaments in adjacent sarcomeres based on counting the number of thick filaments visible between four to eight sets of adjacent Z-lines in each strain analyzed. These results are reported as the mean ± one standard deviation. Dense body morphologies in ten Z-lines for each strain, in each of two independent experiments, were scored as normal singular projections of electron-dense material, as shredded-appearing projections of electron-dense material, or as largely lacking electrondense material. For all analyses, only cross-sectional views were used. Measured data were exported to Excel for Mac 2011 software (Version 14.4.4; Microsoft, Redmond, WA). One-way analyses of variation were performed using StatPlus:mac software plug-in (Version: 5.8.2.0; AnalystSoft Inc.), and Fisher's least significant difference post hoc tests were applied to results. Differences in results exceeding the 99% confidence interval were considered to be statistically significant.
Western blot analysis
Young adult wild-type and FHOD-1(-) worms were harvested and washed with M9 supplemented with 0.1% Triton X-100, and suspended in a 1:1 worm-to-M9 slurry, Worm slurries were mixed directly with sample buffer in 1.7 mL tubes, boiled for 3 min, ground for 30 sec with a tissue grinder, boiled a further 3 min, and pelleted 15 sec. Samples were subject to SDS-PAGE and probed by western blot for tubulin to normalize concentrations. Normalized samples were then probed by western blot for tubulin, actin, and muscle-specific myosin heavy chain MYO-3. Mouse monoclonal primary antibodies 5-6 anti-MYO-3 (generated by H.F. Epstein, Baylor College of Medicine, Houston, TX; used at 1:2000 dilution) and AA4.3 antitubulin (generated by C. Walsh, University of Pittsburgh, Pittsburgh, PA; used at 1:1000 dilution) were obtained through the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Mouse monoclonal primary antibody ACTN05(C4) anti-actin (Abcam, Cambridge, MA) was used at 1:500 dilution, and goat anti-mouse HRP secondary antibody (Rockland Immunochemicals, Gilbertsville, PA) was used at 1:3000 dilution. Band intensities were quantified using ImageJ.
Results
FHOD-1 and CYK-1 formin mutant sarcomeres are narrow, but have normal banding patterns of thin and thick filaments
C. elegans BWMs are analogous to vertebrate skeletal muscle in that they are striated muscles with well-defined sarcomeres, and they control body movements. However, BWM cells are also distinct from vertebrate striated muscle cells in several ways (Figure 1 ). Rather then the cylindrical shape typical of vertebrate muscle cells with sarcomeres packed into elongated myofibrils in the cytoplasm, BWM cells are spindle-shaped cells with a flattened, continuous layer of sarcomeres adjacent to the plasma membrane. Moreover, all Z-line and M-line structures of BWM cells are firmly anchored to the plasma membrane and the adjacent basement membrane by integrin-containing complexes, and thus resemble vertebrate costameres that decorate only the most peripheral sarcomeres in striated muscle cells [16, 17] . Furthermore, BWM sarcomeres are packed such that their striations are oriented obliquely to the thin and thick filaments, rather than perpendicular as in vertebrates [1, 18] . Consequently, while any given cross section of vertebrate muscle viewed by TEM will reveal the same longitudinal position for all sarcomeres in that section, a similar cross We used TEM to examine cross sections of wild-type young adult worms, and young adults bearing mutations of the FHOD-1 and CYK-1 formin genes. Notably, both formin gene mutations eliminate sequence that codes for the formin homology-2 domain critical for formin-mediated actin nucleation, and thus are predicted to be null alleles with regard to actin filament assembly [11] . For all worms examined, including FHOD-1(-); CYK-1(-) double mutants, complete BWM sarcomeres were apparent (Figure 2 ). Because preparation of the animals for TEM induced BWM contraction, the thick filamentdeficient I-bands were reduced to small strips and thick filamentcontaining A-bands occupied most of each sarcomere. Electron-dense material usually, but not always (see below), occupied the Z-lines at the center of each I-band. Considering that formins can stimulate actin filament assembly in vitro and in vivo, we had expected the formin mutants would be specifically deficient in thin filaments. Surprisingly, thin filaments were abundant for all strains near the Z-lines, and were also present through much of the A-bands where they interdigitated with thick filaments (Figure 3 ). Aside from a small central region of the A-bands, we observed no large regions containing thick filaments but lacking thin filaments, as might have been expected if thin filament assembly were dramatically reduced relative to thick filament formation. However, where thin and thick filaments interdigitated, the packing ratio of thin filaments to thick filaments was moderately less in the FHOD-1(-); CYK-1(-) double mutant sarcomeres, with an average of 8.9 thin filaments surrounding each thick filament, compared to an average of 12 in wild-type BWMs [19] .
FHOD-1(-) and CYK-1(-) mutant sarcomeres have reduced amounts of thin and thick filaments
Using the distance from Z-line to Z-line in cross sections as an indication of relative sarcomere width, we observed narrower widths in FHOD-1(-) and CYK-1(-) mutants than in wild-type, and even narrower widths in double mutants ( Figure 4A ). This was mirrored by a significant reduction in the number of thick filaments visible between adjacent Z-lines in cross sections, with only 660 ± 52 thick filaments between Z-lines in FHOD-1(-); CYK-1(-) double mutants, compared to 1210 ± 176 thick filaments in wild-type animals (p < 0.001). Because the packing ratio of thin to thick filaments is also modestly reduced in the double mutant, we can also reason that the Citation: Mi-Mi L, Pruyne D (2015) Loss of Sarcomere-associated Formins Disrupts Z-line Organization, but does not Prevent Thin Filament number of thin filaments in each sarcomere is also reduced. These results, combined with the reduced number of sarcomeres in the formin mutants [11] , point to a great loss in the number of thick and thin filaments present in formin mutant BWMs. To determine whether this reduction in thick and thin filaments reflected a reduced presence of filament components, we probed whole worm extracts of wild-type and FHOD-1(-) mutants by western blotting for actin, which is enriched in BWMs, and for a BWMspecific myosin heavy chain, MYO-3, using tubulin as a loading control not specifically expressed in muscle. Importantly, loss of FHOD-1 results in BWM and egg-laying muscle defects, but does not appear to affect non-muscle tissues, validating this comparison [11] . Compared to wild-type animals, FHOD-1(-) mutants express approximately 10% less actin, and 50% less MYO-3 ( Figure 4B ). We did not similarly analyze animals defective for CYK-1, as disruption of CYK-1 by mutation or RNAi impairs development of a variety of nonmuscle tissues and results in very poor growth [11] , and thus would likely impair expression of any putative loading control, including tubulin.
FHOD-1 and CYK-1 mutant sarcomeres have defective Zline structures
The majority of thin filament-anchoring Z-line structures in BWM cells are dense bodies. These appear as electron-dense finger-like projections that extend from the plasma membrane into the muscle cytoplasm ( Figure 5A, wt) . Absences of FHOD-1 and CYK-1 affected dense bodies in different ways. The Z-line positions of FHOD-1(-) sarcomeres contained electron-dense material, but usually with a shredded appearance rather than singular projections ( Figure 5) . Conversely, the Z-lines of CYK-1(-) and FHOD-1(-); CYK-1(-) sarcomeres often contained very little to no electron-dense material, but were often occupied by an amorphous mass of unidentified material surrounded by the thin filaments ( Figure 5 ). Figure 4 : Formin mutants have small sarcomeres, and fhod-1 mutants have reduced levels of some muscle proteins. (A) The distance between Z-lines in x/y cross-sections was measured as a proxy for sarcomere width in the indicated strains. Shown are mean values of two independent experiments (n=10 for each experiment), with standard error of the mean indicated by error bars. Significant differences are indicated by (*) for p<0.01 or (**) for p<0.001. (B) Whole worm extracts of wild-type and FHOD-1(-) worms were probed for muscle-specific MYO-3 and muscleenriched actin, with tubulin used as a loading control. MYO-3 was reduced ~50% and actin is reduced ~10% in the mutant worms relative to wild-type.
Discussion
Genetic studies and in vitro studies with cultured cells have implicated formin family proteins in promoting sarcomere organization. Pointing to their clinical relevance, one allele of the human formin gene FHOD3 has been associated with increased incidence of hypertrophic cardiomyopathy, while another allele was present in one case of adult onset dilated cardiomyopathy [20, 21] . Moreover, expression of FHOD3 and the related FHOD1 formin change differentially during human cardiomyopathies [10, 22] , suggesting they may play a role in disease progression, or perhaps compensation.
However, determining the functions of formins in sarcomere formation has been difficult. One complication is the multiplicity of formin isoforms present in mammalian systems. This was recently highlighted by an siRNA-based study that showed 6 mouse formins contribute non-redundantly to cardiomyocyte sarcomere formation or maintenance [23] . Using C. elegans as a simpler animal model, we have shown that only two formins, FHOD-1 and CYK-1, contribute to sarcomere formation and maintenance in the worm's BWMs. Mutations of FHOD-1 and CYK-1, but no other formin gene, result in BWM development that is highly stunted, with many fewer sarcomeres assembling per muscle cell [11] .
To better understand the contribution of formins to sarcomere organization in this simpler system, we used TEM to examine BWMs in worms mutated singly or doubly for FHOD-1 and CYK-1.
Considering that many formins stimulate the nucleation and elongation of long, unbranched actin filaments in vitro, the most straightforward hypothesis is that formins initiate the assembly of actin-based thin filaments. However, sarcomeres in formin mutant BWMs, including those of FHOD-1(-); CYK-1(-) double mutants, appear to be strictly formin-dependent, but there are two caveats to this conclusion. First, the ratio of thin filaments to myosin-based thick filaments is reduced in the FHOD-1(-); CYK-1(-) double mutant, suggesting formins have some preferential stimulatory effect on thin filaments. Second, we derive CYK-1(-) single mutants and FHOD-1(-); CYK-1(-) double mutants from heterozygous parents due to the requirement for maternally-provided CYK-1 for embryonic cell division [14, 24] , and cannot rule out the possibility that maternal CYK-1 drives residual thin filament assembly in these formin mutant BWMs. Figure 5 : (A) Z-lines of worms with the indicated genotypes are shown. A singular electron-dense body is seen in wild-type, while the FHOD-1(-) Z-line contains multiple, thinner bodies, and the CYK-1(-) and FHOD-1(-); CYK-1(-) Z-lines contain reduced amounts of electron-dense material. (B) Z-lines in worms with the indicated genotypes were visually categorized as containing: singular electron-dense bodies, multiple shredded electron-dense bodies, or very little to no electron-dense material. Results shown are representative of two independent experiments that scored twenty Z-lines of each strain.
Formin mutant sarcomeres exhibit defects beyond thin filament density. They are narrower than wild-type sarcomeres, with each formin loss having an additive effect (Figure 2 and 4A) . Also, formin mutant Z-lines are aberrant, with loss of FHOD-1 and CYK-1 having distinct effects. In wild-type sarcomeres, the primary Z-line structures of BWM sarcomeres are finger-shaped projections called dense bodies. These structures anchor thin filaments, and connect the contractile lattice to the extracellular matrix [16] . We had shown that FHOD-1 localizes in a diffuse distribution that envelops and links dense bodies, and CYK-1 colocalizes with dense bodies [11] . By TEM, we see that the absence of FHOD-1 results in thinner, branching strands of electron-dense material at Z-lines, while loss of CYK-1 leaves Z-lines very deficient in electron-dense material, but containing variable amounts of amorphous material surrounded by thin filaments ( Figure  5 ). Thus, CYK-1 may contribute to the formation or maintenance of the electron-dense material at the Z-line, while FHOD-1 may be important for maintaining the coherence of the electron-dense material as a singular dense body. The formin mutant sarcomeres also appear to have wider I-bands than wild-type animals (Figure 2 ). The reason for this difference is not clear, but might reflect poor contractility of the muscles, particularly for CYK-1(-) mutants that have motility defects [11] , or as a secondary consequence of the increased space occupied by the frayed dense bodies of FHOD-1(-) mutants.
Our results suggest formins play a general role in sarcomere enlargement, and in the formation of Z-line structures. This resembles a growing body of evidence from other genetic systems. In mice, the FHOD-1-related formin encoded by FHOD3 is expressed in heart muscle, and a fHOD3 null mutation results in sarcomeres that contain thin filaments, but are sparse and narrow, and have aberrantly small Zline bodies in the place of normal Z-discs [25] . Similarly, a hypomorphic allele of the mouse formin gene daam1 also results in narrow cardiomyocyte sarcomeres with aberrant Z-discs [26] , and disruption of the related Drosophila daam gene has similar effects in somatic and cardiac fly muscles [27] . In all these cases, the mutant sarcomeres are deficient in multiple components, including thin filaments, thick filaments, and Z-line material.
The similarity of the effects of formin loss across these organisms suggests these formins may function in a conserved manner. One possible mechanism for such global effects is that formins might influence production of muscle-specific proteins, as occurs with FHOD-1-related mammalian FHOD1 and CYK-1-related mammalian Dia1 and Dia2 formins in smooth muscle cells [28, 29] . Actin polymerization driven by these formins can indirectly trigger myocardin-related transcription factor-dependent expression of smooth muscle cell genes, such as those encoding smooth muscle αactin or SM22. Consistent with a similar mechanism occurring in C. elegans, worms lacking FHOD-1 have significantly reduced levels of a BWM myosin heavy chain isoform, and even a moderately reduced amount of actin, which is more broadly expressed ( Figure 4B ). While our results do not rule out direct stimulation of thin filament assembly by formins in striated muscle, they do suggest formins have broader effects on sarcomere formation, possibly through a mechanism similar to what occurs in vertebrate smooth muscle.
